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Thirty-five years ago, Zdarek and Fraenkel demonstrated that nervous tissue extracts influenced development by accelerating pupariation
in the grey flesh fly, Neobellieria bullata. We have now identified this pupariation factor as SVQFKPRLamide, designated Neb-pyrokinin-2
(Neb-PK-2). To achieve this, the central nervous system of N. bullata wandering stage larvae, that is, preceding pupariation, were dissected
and extracted before HPLC separation. Chromatographic fractions were screened with a bioassay for pupariation accelerating activity. Only
one fraction showed huge pupariation activity. Mass spectrometry revealed the presence of a pyrokinin, whose primary sequence could not be
unequivocally determined by tandem mass spectrometry. However, this Neb-pyrokinin appeared to be very prominent in the ring gland from
which it was subsequently purified and identified. Synthetic Neb-PK-2 accelerates pupariation with a threshold dose of only 0.2 pmol and
therefore, Neb-pyrokinin is considered to be the genuine pupariation factor. The immunohistochemical distribution pattern of Neb-PK-2 is
very similar to that of Drosophila pyrokinin-2, from which it differs by only one amino acid residue. Hence, the recently identified G-protein
coupled receptors (CG8784, CG8795) for Drosophila pyrokinin-2 might play an important role in puparium formation.
D 2004 Elsevier Inc. All rights reserved.Keywords: Neobellieria bullata; Pupariation factor; Pyrokinin; Drm-PK-2; immunohistochemistryIntroduction
Neuropeptides and their receptors occupy a high hierar-
chical position in the physiology of insects and regulate
most (if not all) biological processes, such as feeding,
homeostasis, metamorphosis, reproduction and behaviour.
The recent publications of the genomes from the fruit fly
Drosophila melanogaster (Adams et al., 2000) and the
malaria mosquito Anopheles gambiae (Holt et al., 2002)
had a major impact on insect research. Identification of
proteins and peptides playing a key role in the endocrinol-
ogy and physiology of insects became much more straight-
forward. For instance, peptidomics or peptide profiling of
the Drosophila central nervous system (CNS) has led to the
isolation and sequencing of no fewer than 28 neuropeptides
in a single experiment using only 50 larval CNSs (Bagger-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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over, many neuropeptide G-protein coupled receptors have
been identified and characterised following the release of
the Drosophila genome by applying reverse pharmacology
or orphan receptor strategies (Cazzamali et al., 2002;
Egerod et al., 2003a,b; Meeusen et al., 2002; Rosenkilde
et al., 2003). It is beyond doubt that Drosophila is above all
suited for functional genomic and proteomic studies. How-
ever, the related and larger-sized grey flesh fly, Neobellieria
bullata (formerly called Sarcophaga bullata), remains more
appropriate for conducting physiological experiments. Es-
pecially for the study of development and metamorphosis in
holometabolous insects, the grey flesh fly is a prime
research model. This is not only because of its size, but
in particular because of precocious tanning and colour
changes that occur in the region of the hind spiracles of
the larva before the formation of the puparium. Already in
1934, in his study on puparium formation, Fraenkel pro-
vided experimental evidence that fly metamorphosis is
regulated by hormones (Fraenkel, 1934). Zdarek and Fraen-
kel (1969) demonstrated that extracts of nervous tissue of
P. Verleyen et al. / Developmental Biology 273 (2004) 38–47 39various insects as well as the haemolymph of pupariating
blow fly larvae contained a biologically active factor that
accelerated puparium formation. Later, it appeared that
leucopyrokinin and locustapyrokinin from the hemimetab-
olous (i.e., without pupal stage) cockroach, Leucophaea
madera and locust, Locusta migratoria possessed puparia-
tion accelerating activity (Zdarek et al., 1997). However,
the native pupariation factor in the flesh fly, N. bullata,
remained unidentified.
Advances in the field of mass spectrometry during the
latest years were an important motivation for a new
attempt to identify the pupariation factor in the flesh fly.
Modern mass spectrometry made it possible to character-
ize a substantial number of neuropeptides in nervous
tissue, even in species without genomic sequence infor-
mation (Clynen et al., 2001; Huybrechts et al., 2003). In
addition, a recent neuropeptidomics study of the grey flesh
fly CNS yielded 18 peptides, 11 of which were new.
Detection of Neb-LFamide, for example, required only 40
CNSs (Verleyen et al., 2004), whereas the original purifi-
cation of Neb-LFamide required the sacrifice of 350000
adult grey flesh flies for extraction and seven successive
chromatographic separation steps (Janssen et al., 1996).
However, determining the peptidome of a species without
an available genomic database continues to be a difficult
task.
The present study describes the identification of the
genuine pupariation factor in the grey flesh fly, N. bullata,
through a combination of methodologies: screening of
chromatographic fractions with a pupariation bioassay,
purification of the active factor by capillary liquid chroma-
tography, subsequent identification by mass spectrometry
and Edman amino acid sequencing and finally whole mount
immunohistochemistry.Materials and methods
Insects, tissue extraction and pre-purification
Neobellieria bullata was reared as described (Huybrechts
and De Loof, 1977). Drosophila melanogaster was raised at
20jC in 250 ml milk bottles on a diet made of 17 g sucrose,
0.45 g yeast, 0.9 g agar, 70 ml water, 0.5 ml 8% nipagin and
0.36 ml propionic acid.
The central nervous system (CNS) of 700 Neobellieria
wandering stage larvae, that is, before pupariation, was
collected and homogenized in a solution of methanol/
water/acetic acid (90:9:1;v/v/v) immediately upon dissec-
tion. After sonication, the homogenate was centrifuged at
9000  g for 10 min. The pellet was resuspended in
extraction medium and again sonicated and centrifuged.
Both supernatants were pooled. After evaporation of the
methanol, the sample was delipidated using ethyl acetate
and n-hexane. A Sep-PakR C18 cartridge (Waters, Milford,
USA) was used for solid phase extraction. The loaded andwashed cartridge was eluted with 60% CH3CN, containing
0.1% trifluoroacetic acid (TFA). After evaporation, the
remaining aqueous sample was filtered through a 0.22-Am
filter (Millipore, Billerica, USA), before HPLC analysis.
To reveal the primary sequence of Neb-PK-2, 200 ring
glands were dissected from wandering stage larvae and
treated in the same manner as described above for the
CNS. After delipidation, the aqueous layer was filtered with
a Millipore spindown filter (Ultrafree-MC, 0.22 Am) and
subsequently concentrated in a vacuum centrifuge into a few
microliters before CapLC fractionation.
High performance liquid chromatography (HPLC) and
capillary LC (CapLC)
HPLC analysis was performed on a Gilson liquid chro-
matograph (Lewis Center, USA). The Waters 486 Tunable
Absorbance detector was set at 214 nm for peptide detec-
tion. The separation was carried out on a Symmetry Prep
C8 column (7.8  300 mm, 7 Am) with a flow rate of 2 ml/
min. After injection of the sample, containing an equivalent
of 700 CNSs, a 1-h linear gradient from 2% to 60% solvent
B was imposed [A: water/TFA (99.9:0.1;v/v); B: CH3CN/
TFA (99.9:0.1;v/v)]. Fractions were collected every minute.
An equivalent of 200 CNSs was lyophilised and resus-
pended in 40 Al Neobellieria Ringer for screening in the
bioassay.
The extract of 200 ring glands was separated on a
SymmetryR C18 capillary column (0.32  150 mm, 5
Am, Waters) with a Capillary HPLC system (Waters) as
described (Clynen et al., 2003). Here, we applied the
following conditions: 5 min solvent A, followed by a 90-
min linear gradient to 90% solvent B, [A: water/TFA
(99.9:0.1;v/v); B: CH3CN/TFA (99.9:0.1;v/v)]. The flow
rate was set at 5 Al/min. Fractions were manually collected
and diluted with 10 Al CH3CN/water/TFA (50:49.9:0.1;v/v/
v). One microliter of the fractions was subjected to MALDI-
TOF mass analysis to screen for Neb-PK-2, the remaining 9
Al of the fractions of interest were used for amino acid
sequencing by Edman degradation.
Screening HPLC fractions with the pupariation bioassay
The flesh fly pupariation assay was performed as de-
scribed (Zdarek et al., 1998). Briefly, red spiracle larvae,
about 3 h before pupariation, were chilled on ice. Aliquots
of chromatographic fractions containing the equivalent of 10
CNSs, were dried and redissolved in 2 Al Neobellieria
Ringer (121.5 mM NaCl, 10 mM KCl, 1 mM NaH2PO4,
10 mM NaHCO3, 0.7 mM MgCl2, 2.2 mM CaCl2, pH 6.8)
and injected into each larva by a calibrated glass capillary.
Control larvae were injected with 2 Al Ringer solution. All
injected larvae were then simultaneously removed from the
ice and transferred to room temperature. Anterior retraction
(R), longitudinal contraction (C) and onset of tanning (T)
were monitored every 15 min. Pupariation starts with the
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hooks (R). Soon hereafter, the larva contracts to form the
typical barrel shape of the puparium stage (C). Finally, the
cuticle of the white puparium starts to gradually tan, we
counted puparia with the first signs of this tanning (T). The
effects of the tested samples were expressed as the differ-
ence between the mean retention time of the developmental
changes R, C and T in the control versus the experimental
groups of larvae. Each group contained between 11 and 16
larvae. The results were evaluated with the Mann–Whitney
U test (SPSS software, version 10.0). Furthermore, the
threshold dose of synthetic SVQFKPRLamide (Sigma-
Aldrich, St. Louis, USA) in the pupariation bioassay was
determined. Finally, we conducted an experiment to reveal if
Fraenkel’s pupariation factor could stimulate the release of
the haemolymph-borne proteinaceous pupariation factors.
We injected threshold doses of a pyrokinin and active
orange puparium haemolymph into red spiracle larvae.
Larvae, which started to contract before the Ringer-injected
controls, were used as haemolymph donors in a subsequent
experiment.
Screening CapLC fractions with MALDI-TOF mass
spectrometry
Matrix-assisted laser desorption/ionisation (MALDI)
time-of-flight (TOF) mass spectrometry (MS) was per-
formed on a Reflex IV (Bruker, Bremen, Germany),
equipped with a N2 laser and pulsed ion extraction acces-
sory. The instrument was calibrated using a standard peptide
mixture (Bruker) as described (Vierstraete et al., 2003).
Final spectra resulted from 20 to 100 shots, recorded in
the reflectron mode within a mass range from m/z 500 to m/z
3000. MALDI-TOF MS was used to screen the ring gland
CapLC fractions. Each time, 1 Al was transferred to a
ground steel target plate, mixed with 0.5 Al saturated a-
cyano-4-hydroxycinnamic acid in ethanol/CH3CN/TFA
(50:49.9:0.1;v/v/v) and air-dried.
Amino acid sequencing
The fractions of interest from the CapLC separation of
the 200 ring glands were pooled and spotted on a pre-
cycled Biobrene Plus TM-coated micro TFA filter and
sequenced by Edman degradation on an automated Procise
protein sequencer (Applied Biosystems, Foster City, USA)
running in pulsed mode as described (Huybrechts et al.,
2002).
Antiserum production and testing
A polyclonal antiserum against Drosophila pyrokinin 2
(SVPFKPRLamide or Drm-PK-2) was raised by immuniz-
ing two New Zealand white rabbits with synthetic Drm-PK-
2 (Invitrogen, Carlsbad, USA), coupled to thyroglobulin by
EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) orglutaraldehyde. Each time, a total of approximately 1 mg of
conjugate was injected subcutaneously at multiple sites.
Initial immunization was performed with Freund’s complete
adjuvant, subsequent boosts were performed every 2–3
weeks with Freund’s incomplete adjuvant. Antisera titres
were analysed by solid phase dot blot assay.
For the dot blot assay, 1-Al samples of a dilution series of
Drm-PK-2 and other synthetic insect peptides [Lom-PVK-1
(AAGLFQFPRVamide); Lom-PVK-2 (GLLAFPRVamide);
Drm-VVIamide (SVHGLGPVVIamide) and Drm-FMRFa-
mide-2 (TPAEDFMRFamide)] ranging from 1 Ag to 1 pg/
Al were spotted onto a nitrocellulose membrane (Hybond-C,
Amersham, Piscataway, USA) and treated as described
(Verleyen et al., 2004a). The membrane was incubated
overnight with the primary antiserum in a dilution of
1:500. After rinsing, the membrane was incubated with a
1:500 diluted anti-rabbit horseradish peroxidase-conjugated
antibody (DAKO, Glostrup, Denmark) for 45 min. After
rinsing, the membrane was developed using peroxide and
3,3V-diaminobenzidine (Sigma-Aldrich) as a substrate.
Specificity of the Drm-pyrokinin antiserum was tested by
the parallel use of pre-immune serum and by pre-incubation
of the primary antiserum with Drm-PK-2 (negative control).
The specificity of the antiserum was further evaluated by
staining the Drosophila central nervous system and com-
parison with former in situ hybridisation data (positive
control) (Meng et al., 2002).
The Drosophila pyrokinin-2 antiserum was then used for
whole mount immunohistochemistry and for a second
screening of the HPLC fractions of the Neobellieria CNSs.
Whole mount immunohistochemistry
After dissection, CNSs of N. bullata and D. mela-
nogaster were fixed in 2% paraformaldehyde in 10 mM
PBS (pH 7.2) for 18–24 h and subsequently washed with
cold PBS for 4–5 h. Tissues were incubated overnight at
4jC in 4% Triton X-100, 2% normal porcine serum (NPS)
and 2% bovine serum albumin (BSA). The primary antise-
rum was applied for 24 h at 4jC on a flatbed shaker in a
dilution of 1:500 or 1:1000 in PBS, containing 0.4% Triton
X-100, 2% NPS and 2% BSA. Tissues were washed with
cold PBS for 4–5 h, and subsequently incubated with the
secondary antibody. Fluorescein Isothiocyanate (FITC)-con-
jugated swine anti-rabbit Ig (DAKO), diluted 1:20 in PBS,
were applied for 24 h at 4jC. Finally, the tissues were
briefly washed in cold PBS, before being mounted in 90%
glycerol containing 0.1% para-phenylenediamine.
Tissue samples were viewed with a Zeiss LSM 410 Kr-
Ar inverted laser-scan confocal microscope (Zeiss, Oberko-
chen, Germany), using a 20 or 40 objective at an
excitation wavelength of 488 nm. With the extended depth
of focus function, we obtained stacks of serial optical
sections that were electronically superimposed along the
Z-axis. Data were processed using Adobe Photoshop soft-
ware, version 6.0.
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Screening HPLC fractions with the pupariation bioassay
The HPLC separation of 700 CNSs yielded a satisfying
separation of components. Aliquots containing 100 equiv-
alents were analysed by mass spectrometry to determine
the neuropeptidome of Neobellieria (Verleyen et al.,
2004b). HPLC aliquots containing 200 equivalents were
tested in the pupariation bioassay, in which each larva was
injected with an equivalent of 10 CNSs. Only fraction 25
caused a dramatic and significant acceleration of retraction,
contraction (Fig. 1) and tanning. While other HPLC
fractions did not accelerate pupariation at all after injection
of 10 CNS equivalents per larva, fraction 25 significantly
accelerated R, C and T at 1 equivalent per larva. Mass
spectrometric analysis of fraction 25 revealed the presence
of a peptide with a mass of 972.6 kDa and with a C-
terminal-FXPRL/Iamide. This peptide was therefore desig-
nated as Neb-PK-2. Because de novo sequencing with
tandem mass spectrometry is not straightforward, its com-
plete sequence could not be unequivocally determined:
SV/W
Q/KF
Q/KPR
L/I amide (Verleyen et al., 2004b). Never-
theless, this Neb-PK-2 was very likely to be responsible
for the pupariation activity of fraction 25 since pyrokinins
of hemimetabolous insects (i.e., without pupal stage) were
previously shown to stimulate pupariation in the flesh fly
(Zdarek et al., 1997).Fig. 1. Box plot of the flesh fly pupariation assay showing the retention
time of contraction upon injection of 2 Al Ringer (control) or 10
equivalents of HPLC fractions 25 and 37 of the larval Neobellieria
CNS, resuspended in 2 Al Ringer. Numbers of injected red spiracle
larvae were, respectively, 11, 15 and 16. Retraction, contraction as well
as cuticular tanning were significantly accelerated upon injection of
fraction 25. Only the data for contraction are given in this picture (* =
outlier).Whole mount immunohistochemistry
The produced Drosophila pyrokinin antiserum only
recognises peptides ending in -PRLamide (up to 104 Ag)
or -PRVamide (up to 102 Ag) in the dot blot assay. No cross
reactivity with other tested synthetic peptides was observed
up to concentrations of 1 Ag. Staining was completely
abolished with pre-immune serum and when the antiserum
was preabsorbed with Drm-pyrokinin-2.
Immunohistochemical analysis of whole mount tissue
preparations of the Neobellieria wandering stage CNS
revealed strong immunoreactivity in and around the ring
gland, probably forming an aortic plexus (Fig. 2). About
eight immunoreactive cells on each side of the ventral
midline were in the suboesophageal ganglion. The most
posterior of these cells was the largest and consistently
found as one pair. More anterior immunoreactive neurons
formed an arch-like process into the protocerebrum (data not
shown), while other suboesophageal neurons projected to
the ring gland (Fig. 2). Finally, another pair of immunore-
active projections originating from suboesophageal neurons
extended through the lateral sides of the ventral ganglion
(Fig. 3). This ventral ganglion consists of three thoracic and
eight abdominal ganglia. Four pairs of cells in the abdom-
inal ganglia (Fig. 3) were also immunoreactive. These four
pairs of cells were also prominently present in the adult
thoracic-abdominal ganglion (Fig. 4), where they projected
their axons to the neurohemal organ on the dorsal surface of
the ganglion. In addition, the adult compound ganglion
contained three pairs of cells in each thoracic ganglion
(not shown). These cells were close to the midline, which
their axons crossed before extending along this midline.
Finally, the antiserum against Drosophila pyrokinin-2
was then used to screen the HPLC fractions of the flesh
fly CNS extract in the dot blot assay. An equivalent of 14
CNSs of each fraction was spotted. One very intensive
immunoreactive spot instantly appeared upon addition of
the peroxidase substrate (data not shown). The particular
spot corresponded with fraction 25, containing Neb-PK-2.
The fact that an antiserum against Drosophila pyrokinin-2
(SVPFKPRLamide) recognized Neb-PK-2 could not elimi-
nate all doubts about its primary structure.
Isolation and identification of Neb-PK-2 from the ring gland
extract
The immunoreactivity found in the Neobellieria ring
gland is likely due to the presence of Neb-PK-2 (Fig. 2)
because this peptide represented the most prominent pep-
tide-peak in a mass spectrum of a ring gland extract
(Verleyen et al., 2004b). Therefore, we decided to dissect
200 ring glands (with a piece of aortic wall) from Neo-
bellieria wandering stage larvae for the purification of this
factor. After extraction and CapLC separation (Fig. 5), the
fractions were screened with MALDI-TOF mass spectrom-
etry. The exact mass of Neb-PK-2 was found in three
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Fig. 2. Drm-PK-2 immunoreactivity in a whole mount tissue preparation of
Neobellieria wandering stage larval CNS. The image was obtained by
superimposing 10 optical sections each 3 Am. Immunoreactivity is strong in
the ring gland and around the aorta (arrow), immunoreactive suboesopha-
geal cells are out of focus (open arrowheads), some might innervate the ring
gland (filled arrowhead). Immunoreactivity in the ring gland is most likely
due to the presence of Neb-PK-2. Scale bar = 100 Am.
P. Verleyen et al. / Developmental Biology 273 (2004) 38–4742neighbouring fractions eluting at about 31 min or 27%
solvent B. Two fractions contained pure Neb-PK-2 (Fig.
6). Note that the chromatogram does not show a clear UV
absorbance peak around 31 min (Fig. 5) because mass
spectrometry is far more sensitive than the spectrophotom-
eter. These two fractions were pooled and analysed by
Edman degradation, which established the sequence of
Neb-PK-2 to be SVQFKPRLamide. The threshold dose of
synthetic SVQFKPRLamide in the pupariation bioassay was
only 0.2 pmol per red spiracle larva. Retraction, contraction
as well as cuticular tanning were accelerated.Fig. 3. Drm-PK-2 immunoreactivity in a whole mount tissue preparation of
Neobellieria wandering stage larval CNS. The image was obtained by
superimposing six optical sections each 3 Am. Immunoreactivity is strong in
four pairs of abdominal cells and in their processes in a dorsal neurohemal
area. Scale bar = 100 Am.Discussion
The pupariation factor
In the present study, we have isolated and identified the
genuine pupariation factor in the flesh fly N. bullata.
Pupariation in cyclorrhaphous Diptera is a complex process
of transformation of a soft integument of a wandering larva
into a hard ovoid case called the puparium. It involves both
behavioural activities (immobilisation, anterior segment
retraction, longitudinal body contraction) and cuticular
alterations known as sclerotisation that fix the achieved
morphological changes (Zdarek and Fraenkel, 1972; Zdarek
et al., 1979). This complex morphogenetic process of
pupariation is orchestrated by compounds of neurosecretoryorigin (Zdarek and Fraenkel, 1969). The pupariation factor
is a hormone that, as Fraenkel (1934) suggested, is likely to
be released from the brain region into the haemolymph. The
very first experiments with ligation of a blow fly larva
performed by Fraenkel (1934) revealed that a hormone
released into the haemolymph from the cerebral region of
the larva was required for pupariation. Larvae ligated behind
the fused CNS before a ‘‘critical period’’ pupariated only in
their front parts, while their posterior parts could be induced
to tan by injection of haemolymph from pupariating larvae.
This experimental design became known as the Calliphora
test. Twenty years later, using Fraenkel’s Calliphora test, a
hormone was isolated, with the interesting property that its
deficiency was supposedly responsible for the absence of
tanning in the ligated abdomens (Butenandt and Karlson,
1954). A decade later, the compound was chemically
identified as a steroid hormone, named ecdysone (Huber
and Hoppe, 1965). The assumption that ecdysone was the
blood-borne hormone responsible for the induced tanning of
ligated abdomens in Fraenkel’s original experiment was
challenged (Ohtaki et al., 1968). This prompted Fraenkel
to reinvestigate the role of hormones in the control of
pupariation and led to the discovery of pupariation factors
(Fraenkel and Zdarek, 1970; Zdarek and Fraenkel, 1969,
1970). These pupariation factors are neurosecretory prod-
ucts supposedly stimulated by ecdysone to be released from
the CNS into the haemolymph (Sivasubramanian et al.,
1974) with the function to coordinate the complex process
of formation and tanning of the puparium. The haemolymph
is a logical medium for initiating a precisely coordinated
event like pupariation. The eventual purification of the
pupariation factor from a ring gland extract fits this scheme
since the ring gland releases its hormones into the haemo-
lymph. Neb-PK-2 is abundantly present in and around the
Fig. 4. Drm-PK-2 immunoreactivity in a whole mount tissue preparation of
Neobellieria adult thoracic–abdominal ganglion. The image was obtained
by superimposing five optical sections each 3 Am. Immunoreactivity is
strong in four pairs of abdominal cells and their processes towards the
ventral midline. Scale bar = 100 Am.
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(Fig. 2). On the other hand, haemolymph of orange puparia
contains also pupariation-accelerating activity, which is
caused by relatively large proteins (Sivasubramanian et al.,
1974). However, these haemolymph-borne pupariation fac-
tors were only present in orange puparia, that is, when the
formation of the puparium already took place. Interestingly,
we found that the injection of threshold doses of pyrokinins,
like Fraenkel’s pupariation factor, into red spiracle larvae
‘‘activates’’ their haemolymph. Haemolymph from red spi-
racle larvae, which were injected with threshold doses of
pyrokinin, was taken when they formed a white pupariumFig. 5. Capillary HPLC fractionation of a methanolic extract of 200 ring glands
SymmetryR C18 capillary column (0.32  150 mm, particle size 5 Am). We app
gradient to 90% solvent B (A: 99.9% MilliQ water/0.1% TFA; B: 99.9% CH3CN
collected each 20 s.before any of the Ringer-injected controls. This haemo-
lymph was then injected into other red spiracle larvae where
they caused a significant acceleration of the pupariation
process (R, C and T). Haemolymph from white puparia,
which were injected with Ringer or a threshold dose of
orange puparium haemolymph, did not show this effect
(data not shown). The conclusion might be that Fraenkel’s
pupariation factor induces the release of the haemolymph-
borne proteinaceous pupariation factors.
Isolation and identification of the pupariation factor
Screening the chromatographic fractions of the CNS by
the pupariation assay revealed only one active fraction. A
mass spectrometrical analysis of this fraction yielded a
peptide with a C-terminal-FXPRLamide sequence and a
m/z of 973.6. Because more than one sequence fit the
experimental fragmentation spectrum, it was impossible to
unequivocally identify the neuropeptide within this fraction.
However, this partially characterized Neb-pyrokinin 2 was
the most abundant peptide peak in a crude ring gland extract
of wandering stage larvae (Verleyen et al., 2004b). This was
confirmed by the strong immunoreactivity in and around the
ring gland with an antiserum against Drm-PK-2.
Hence, we decided to purify the pupariation factor from a
ring gland extract. Screening fractions for the 972.6 kDa ion
peak by MALDI-TOF mass spectrometry and subsequent
sequencing with Edman degradation yielded the complete
sequence of the pupariation factor, that is, SVQFKPRLa-
mide. Synthetic SVQFKPRLamide greatly accelerated both
behavioural and cuticular events, accompanying pupariation
of the flesh fly. The threshold dose in the bioassay was only
0.2 pmol per red spiracle larva. SVQFKPRLamide has a C-
terminal consensus sequence typical for peptides of the
pyrokinin family and it differs from Drosophila-pyrokinin-
2 only by a P3/Q3 substitution.from wandering stage Neobellieria larvae. Separation was performed on a
lied the following conditions: 5 min solvent A, followed by a 90-min linear
/0.1% TFA). The flow rate was set at 5 Al/min. Fractions were manually
Fig. 6. MALDI-TOF spectrum of the CapLC fraction from a 200 ring glands extract, eluting at 31 min or 27% solvent B. The peptide at m/z 973.68 corresponds
rmine the complete primary sequence of Neb-PK-2 by Edman degradation.
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By means of whole-mount immunofluorescence, we
studied the distribution pattern of pyrokinins in the flesh
fly CNS (Figs. 2 and 3) using a polyclonal antiserum against
Drm-PK-2. This antiserum strongly reacts with -PRLamide
and to a lesser extend with -PRVamide. The same antiserum
was applied on the larval fruit fly CNS as a control. In fact,
the Drosophila CNS was already studied using a polyclonal
antiserum against the C-terminus of pheromone biosynthesis
activating neuropeptide (PBAN) from Helicoverpa zea,
which also has the typical -PRLamide carboxyterminus
(Choi et al., 2001). Immunoreactivity was found in the ring
gland, in suboesophageal cells with axons to the protocere-
brum and the ventral ganglion and in three pairs of neurons
sending their axons to a dorsal neurohemal organ. We found
exactly the same pattern in the CNS of Drosophila third
instar larvae (data not shown). In addition, we could observe
axons from the suboesophageal region projecting into the
ring gland, accounting for the local immunoreactivity. This
was supported by the finding that the corpora cardiaca of the
Drosophila ring gland were innervated by the so-called CC-
MS 1 and 2 cells from the medial suboesophageal region.
Although weakly, these cells were labelled by an antiserum
against myomodulin A (PMSMLRLamide) which has a C-
terminus similar to pyrokinins (Siegmund and Korge, 2001).
Another study showed by in situ hybridisation experiments,
that the expression of the pyrokinin-2 gene (hugin) in
Drosophila starts at stage 9 in the suboesophageal ganglion
in which it remains restricted for the whole of embryogen-
esis as well as in larvae (Meng et al., 2002). Hence, the
immunoreactivity found in some cells of the suboesopha-
geal ganglion and in the ring gland was most likely caused
by the putative hugin gene products Drm-PK-2 and Hug-g,
while other -PRLamides or -PRVamides accounted for the
to Neb-PK-2. This fraction was pooled with a neighbouring fraction to deteimmunoreactivity in other suboesophageal cells and the
three pairs of neurons in the ventral ganglion. Only Drm-
PK-2 has recently been isolated and sequenced by nanoLC-
tandem MS as one of the 28 most abundant neuropeptides in
the Drosophila larval CNS (Baggerman et al., 2002).
In the larval Neobellieria CNS, we found a very similar
pattern to that of Drosophila. Immunoreactivity was found
in the ring gland, in the suboesophageal region and in the
abdominal region (Figs. 2 and 3). Even the immunoreac-
tive neuronal projections were very similar, for example,
the two axons extending through the lateral sides of the
ventral ganglion (Fig. 3). The only difference was an
additional fourth pair of cells in the ventral ganglion
(Fig. 3) and the immunoreactivity around the ring gland,
probably forming an aortic plexus (Fig. 2), was more
extensive. Therefore, we suppose that the Drm-PK-2
immunoreactivity in both Drosophila and Neobellieria is
caused by the products of homologous genes. Immunore-
activity in the ring gland and some oesophageal cells thus
appear to be caused by the presence of Drm-PK-2 and
Neb-PK-2, which was purified from the ring gland. In
addition, we assume that the four cell pairs in the ventral
ganglion are related to the three cell pairs found in
Drosophila and that their immunoreactivity is due to the
presence of other -PRLamides or -PRVamides.
In the adult thoracic–abdominal ganglion, we found the
same four immunoreactive cell pairs. The cell bodies were
located ventral and axons projected towards the dorsal
neuropil and in a neurohemal area in the dorsal neuronal
sheath. Additionally, one cell pair was located in each
thoracic ganglion. In the adult blowfly, -PRLamide immu-
noreactivity was already demonstrated in the brain (Na¨ssel,
2002; Shiga et al., 2000; Tips et al., 1993). In particular,
immunoreactivity was found in suboesophageal cells and
the corpora cardiaca. The same pattern was found in the
P. Verleyen et al. / Developmental Biology 273 (2004) 38–47 45adult thoracic–abdominal ganglion of Calliphora vomita-
ria with an antiserum against myomodulin (Na¨ssel, 2002).
In other words, the expression pattern of the involved
gene(s) is highly conserved. As eclosion triggering hor-
mone (ETH) expression is limited to the epitracheal gland
cells (Park et al., 2002a,b) and the expression of the hugin
gene is restricted to suboesophageal cells, the peptides in
the abdominal cells are likely to be capa gene products.
Recently, three putative capa gene products were found in
the perisympathetic organs of the adult pest flies Musca
domestica and N. bullata (Predel et al., 2003). This organ
is situated directly above the four abdominal cell pairs
shown in Fig. 4. Moreover Neb-PVK-1, Neb-PVK-2 and
Neb-PK-1 were also found in the larval neuropeptidome of
Neobellieria (Verleyen et al., 2004b). This region-specific
distribution of capa-type and pyrokinin-type peptides
seems to be highly conserved throughout insects. An
extensive mass spectrometric analysis of the CNS from
the locust Locusta migratoria and the cockroach Peripla-
neta americana showed that the occurrence of specific
pyrokinins is limited to the head ganglia and retrocerebral
complex, while capa-type peptides (also termed visceroki-
nins) are restricted to the abdominal ganglia and their
perisympathetic organs (Clynen et al., 2003; Predel and
Eckert, 2000).
Pyrokinins and Drosophila
Our data are supported by earlier results. Leucopyrokinin
and locustapyrokinin, two neuropeptides originally identi-
fied as myotropins from the hemimetabolous insects Leu-
cophae maderae and Locusta migratoria (Holman et al.,
1986; Schoofs et al., 1991), have been shown previously to
accelerate pupariation in Neobellieria larvae (Zdarek et al.,
1997, 1998). Pyrokinins appear to be widespread in several
insect orders and even in crustaceans (Holman et al., 1986;
Imai et al., 1991; Kitamura et al., 1989; Matsumoto et al.,
1990; Schoofs et al., 1997; Torfs et al., 2001). All of these
pyrokinins are characterized by the -FXPRLamide C-termi-
nal sequence and serve multiple functions, including induc-
tion of sex pheromone production in females of various
moth species (Fonagy et al., 1992; Kitamura et al., 1989),
stimulation of visceral muscle contractions (Holman et al.,
1986; Schoofs et al., 1991), induction of cuticle colouration
in caterpillars (Matsumoto et al., 1990), induction of em-
bryonic diapause in silkworm moth eggs (Imai et al., 1991)
and pupal development (Sun et al., 2003). The accelerated
puparium formation induced by Neb-pyrokinin 2 involves
muscle contraction as well as cuticular shrinkage and
tanning in the flesh fly, effects that are completely in line
with the previously demonstrated myotropic and cuticular
melanization effects displayed by pyrokinins in orthopterans
and lepidopterans, respectively.
In Drosophila, at least two pyrokinins have been pre-
dicted to be encoded by two different genes: Drm-PK-1
(also termed capa-3 or Drm-myotropin) is encoded by thecapa gene (Kean et al., 2002) and Drm-PK-2 is encoded by
the hugin gene (Meng et al., 2002). Only Drm-PK-2 has
been isolated and sequenced from the larval CNS (Bagger-
man et al., 2002). The function of this pyrokinin in flies was
unknown although it had been demonstrated that Drm-PK-2
moderately increased heartbeat in semi-isolated Drosophila
heart preparations at 108 to 107 M. In the present study,
we provide strong evidence that Neb-pyrokinin 2, which is
very similar to Drm-pyrokinin 2, accelerates pupariation in
flies.
In Drosophila, expression of the hugin gene (encoding
hug-g and Drm-PK-2) has to be fine-tuned because over-
expression at inappropriate moments in development dis-
rupts normal larval ecdysis, and leads to a lethal phenotype
(Meng et al., 2002). This last finding, however, can be the
consequence of high hug-g concentrations. Hug-g is similar
to the ecdysis-triggering hormone (ETH) of Drosophila,
and has therefore the potential to interfere with the ETH-
peptide system. Nevertheless, hug-g is unable to activate
the ETH-receptor (Iversen et al., 2002). In addition, hug-g
ends in the tetrapeptide -TPRLamide and recent structure-
activity studies on pupariation in the flesh fly have indi-
cated that the tetrapeptide TPRLamide is sufficient for full
maximum response in the pupariation assay. As only a
single very potent fraction was found to contain a peptide
ending in -PRLamide, we believe that, if a hug-g ortholog
should exist in the CNS of the grey flesh fly, it is present in
much lower concentrations than Neb-pyrokinin.
The period of sensitivity to the action of pyrokinin starts
approximately 4 h before pupariation (stage of red spiracle
larvae in Neobellieria). At this moment, the pyrokinin
receptor becomes competent to respond to the pyrokinin
neuropeptide. Recently, two G-protein-coupled receptors for
Drm-pyrokinin 2 have been cloned in Drosophila (Park et
al., 2002a,b; Rosenkilde et al., 2003). Gene silencing, using
the RNA-mediated interference technique, showed that
silencing of the first receptor (CG8784) caused lethality in
embryos, whereas silencing of the second receptor
(CG8795) strongly reduced viability for both embryos and
first instar larvae (Rosenkilde et al., 2003). These data are in
accordance with our results and imply that pyrokinins are
involved in the regulation of insect development. We
strongly believe that these are the receptors involved in
pupariation, as only neuropeptides that have the -PRLamide
carboxyterminal sequence were able to activate these two
receptors, with Drm-PK-2 being the most potent. Peptides
ending in -PRVamide (capa-1 and capa-2) or -PRIamide
(Drm-ETH-2) were unable to activate the Drm-PK-2 G
protein-coupled receptors (Rosenkilde et al., 2003). This is
in full agreement with the fact that capa-1 is not active in the
in vivo pupariation assay (Zdarek et al., 2004) as well as
synthetic analogues of pyrokinins with an Ala-replacement
of the C-terminal Leu residue in the pyrokinin core se-
quence (Zdarek et al., 1998).
Much attention has been paid to the construction of
peptide mimetics to develop new environmentally safe
P. Verleyen et al. / Developmental Biology 273 (2004) 38–4746insecticides that interfere with neurophysiological process-
es. Many pyrokinin mimetics have already been synthe-
sized, some of which interfering with PBAN in moths
(Altstein, 2001; Nachman et al., 1995, 2001, 2002). Pyro-
kinin peptide mimetics can now be developed and used to
interfere with the pupariation process in dipterans.Acknowledgments
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